BACKGROUND: Blood-based proteomic profiling may aid and expand our understanding of diseases and their different phenotypes. The aim of the presented study was to profile serum samples from patients with malignant melanoma using affinity proteomic assays to describe proteins in the blood stream that are associated to stage or recurrence of melanoma. MATERIAL AND METHODS: Multiplexed protein analysis was conducted using antibody suspension bead arrays. A total of 232 antibodies against 132 proteins were selected from (i) a screening with 4595 antibodies and 32 serum samples from melanoma patients and controls, (ii) antibodies used for immunohistochemistry, (iii) protein targets previously related with melanoma. The analysis was performed with 149 serum samples from patients with malignant melanoma. Antibody selectivity was then assessed by Western blot, immunocapture mass spectrometry, and epitope mapping. Lastly, indicative antibodies were applied for IHC analysis of melanoma tissues. RESULTS: Serum levels of regucalcin (RGN) and syntaxin 7 (STX7) were found to be lower in patients with both recurring tumors and a high Breslow's thickness (T-stage 3/4) compared to low thickness (T-stage 1/2) without disease recurrence. Serum levels of methylenetetrahydrofolate dehydrogenase 1-like (MTHFD1L) were instead elevated in sera of T3/4 patients with recurrence. The analysis of tissue sections with S100A6 and MTHFD1L showed positive staining in a majority of patients with melanoma, and S100A6 was significantly associated to T-stage. CONCLUSIONS: Our findings provide a starting point to further study RGN, STX7, MTHFD1L and S100A6 in serum to elucidate their involvement in melanoma progression and to assess a possible contribution to support clinical indications.
Introduction
Cutaneous malignant melanoma is one of the most aggressive forms of skin cancer for which incidence rates have steadily increased over the last decades. Despite a very favorable prognosis associated to early stage localized melanomas, patients with distant metastases have an overall poor prognosis with 5-year survival rates b5% [1] . The American Joint Committee on Cancer (AJCC) melanoma staging system [2] is used to predict disease progression and takes into account different clinical and histopathological variables. Despite a continuous refinement of covariates included in the staging system (Breslow's thickness, ulceration, mitotic index, lymph node status, the presence of distant metastases, and concentration of serum lactate dehydrogenase), improvements for classifying patients into high or low risk for recurrence or metastatic disease are still needed. One of the most important determinants of prognosis and treatment for clinically localized melanoma is Breslow's thickness (T-stage), which measures the thickness of the primary tumor in millimeters. There is still a lack of molecular understanding about why thick tumors are more prone to spread and metastasize compared to thin ones. Rather than promoting metastasis, Breslow's thickness is likely an indicator of the disease biology within tumor cells [3] . Thus, finding proteins that correlate to T-stage may provide novel insights about the mechanisms that regulate disease progression. The current edition of AJCC staging includes measuring serum lactate dehydrogenate (LDH) to classify late stage melanomas, and also S100B has been linked to clinical stage and tumor progression. However, adding additional serum markers would be of great value to improve the more widespread poor clinical sensitivity and specificity that are currently limiting the use of LDH and S100B in a clinical setting.
To find additional proteins associated to the disease from serum or plasma analysis, proteomics approaches by either mass spectrometry (MS) [4] or multiplexed immunoassays [5] can be used. Commonly, MS allows for the analysis of many proteins in a limited set of samples at a time, while the affinity-based assays offer to analyze a larger set of samples with a selected set of defined protein targets. There has been a lack of affinity reagents for a more extensive analysis of proteins, but resources with binders have become available to extend the opportunities for protein analysis with immunoassays [6] . One initiative is the Human Protein Atlas (HPA) [7] that since its first release in 2005 has published data from more than 25,000 antibodies on protein expression of cell lines and various types of normal and cancer tissues.
In this study, we used the HPA resource of antibodies to screen serum samples with suspension bead array assays [8] for proteins associated to melanoma progression, recurrence or survival. The indicative antibodies were validated by using several proteomics approaches acknowledging their potential application dependent performance [9] . Lastly, we evaluated the selected antibodies for immunohistochemical analysis of melanoma tissues.
Material and Methods

Samples
Serum samples were collected at the Department of Oncology, Uppsala University Hospital between 1995 and 2004, at first admittance after primary surgery due to malignant melanoma. Serum samples from 20 anonymous individuals used as controls for the screening were collected at the same hospital. Due to logistical reasons, sera were collected by experienced staff within 1-100 days after primary removal of the tumor. The study was reviewed and approved by the Research Ethics Committee (Dnr 2005/232) at Uppsala University, Uppsala, Sweden. All patients were staged according to UICC 2002 (TNM system). Disease specific survival was defined as survival with end-point death due to malignant melanoma. Disease recurrence was defined by local recurrence of tumor growth in the skin or development of metastases. Among 63 patients with recurrence, 25 and 10 were recorded to have positive or negative lymph node status respectively, while data on lymph node status was missing for 28 patients. Patients were followed until the time of death or until August 2007. The follow-up period ranged from 7.3 to 241 months with a median follow-up time of 80 months and during this time, 63 patients (42%) relapsed. The sample set of 149 patients used for the main study is summarized in Table 1 , while the subset of 16 patient samples used during the screening is found in S- Table 1 .
Antibody Suspension Bead Arrays
To create multiplexed bead arrays in suspension, antibodies form the Human Protein Atlas (HPA) were covalently coupled to color-coded magnetic microspheres (MagPlex®, Luminex Corp.) as previously described [10] . The coupling efficiency for each antibody was confirmed via R-phycoerythrin-labeled anti-rabbit IgG antibody (anti-rabbit RPE, Jackson ImmunoResearch Laboratories). Samples were diluted, biotinylated and incubated with beads in accordance to previous protocols [11] and with minor modifications. Briefly, crude serum stored at −80°C were distributed in randomized layouts across two 96-well plates, centrifuged (3000 rpm for 3 min) and diluted 1:10 in PBS prior addition of activated biotin (Pierce) at a 10-fold molar excess. After 2 h of incubation at 4°C, the labeling reaction was quenched by Tris-HCl, pH 8.0, and stored at −20°C. For the proceeding assay procedure, biotinylated samples were diluted 1:50 (SELMA, CyBio) and heat-treated at 56°C in a water bath for 30 min before incubating with the suspension bead array (~150 beads per ID) overnight on a 384-well assay plate (Greiner). Beads were washed on a plate washer (EL406, Biotek), antibody-target interactions were fixated by 0.4% paraformaldehyde and florescent readout was enabled by the addition of R-phycoerythrin-labeled streptavidin (Invitrogen). Binding events were measured using a dedicated flow cytometer (FlexMap 3D, Luminex Corp.). Figure 1 . Study overview. (A) From an initial study employing 4595 antibodies on 16 melanoma cases and 16 non-diseased controls, antibodies against 48 and 82 protein targets were selected for further analysis in 149 sera from melanoma patients. Antibody selection was based on results from the initial study, as well as candidates from immunohistochemical staining on tissue material from matched individuals, literature searches, RNAseq data on melanoma tissue or antibody performance in Western blots with plasma. (B) The 149 patients were analyzed using a direct-labeling assay with 78 antibodies on suspension bead array (SBA1, Assay 1). The performance of the most significant set of 25 antibodies was studied further in a new bead array (SBA2, 160-plex) for repeated analysis of the previously prepared 149 samples (Assay 2). In addition, a new sample labeling and analysis with SBA2 was performed two years later (Assay 3). Antibody profiles for candidate proteins RGN, S100A6, STX7 and MTHFD1L displayed reproducible associations to T-stage or recurrence. (C) Candidate proteins were further evaluated for binding selectivity of antibodies using epitope mapping, immuno-capture mass spectrometry, Western blot, sandwich immunoassays and immunohistochemistry. Candidates from screening analysis. The initial screening was performed with 32 sera and 4595 antibodies. The main candidates that showed differential detection levels between late-stage melanoma patients and non-diseased controls were antibodies towards the proteins RGN and MTHFD1L.
Immunocapture Mass Spectrometry
Immunocapture mass spectrometry (IC-MS) was used to validate on-target binding as previously described [12] . For each investigation, 1.6 μg from anti-MTHFD1L HPA029040, anti-RGN HPA029104, anti-S100A6 HPA007575, anti-STX7 HPA001467, or normal rabbit IgG were coupled to 500,000 beads, respectively, and coupling efficiency was confirmed as described above. A pool of sera (anti-MTHFD1L, RGN HPA029104) or plasma (anti-MTHFD1L and anti-STX7 HPA001467, assayed in a plate together with other unrelated antibodies) from four healthy individuals of both mixed genders (Seralab) was diluted 1:10 in assay buffer (see above) and heat-treated at 56°C for 30 min. Duplicate IC-MS experiments were performed for anti-STX7 and anti-MTHFD1L, while a single incubation was performed with anti-RGN and anti-S100A6. The sample volumes were split into 1 ml aliquots and 500,000 coupled beads with either anti-MTHFD1L HPA029040, anti-RGN HPA029104, anti-S100A6 or anti-STX7 HPA001467 were added. As a reference, normal rabbit IgG coupled beads were assayed alongside the specific immune-captures of an experiment. Samples were incubated with beads overnight, washed 3× in PBS/Chaps 0.03% and re-suspended in 100 μl of ammonium bicarbonate (50 mM) with 2.5% sodium deoxycholate. Captured proteins were reduced with 1 mM dithiothreitol (DTT), alkylated by 4 mM iodoacetamide (IAA) and digested by trypsin/Lys-C Mix (Promega) overnight at 37°C. Next, 5 μl TFA (10%) was added to the digested sample and incubated for 30 min to allow SDC to precipitate. The supernatants containing the peptides were then separated from the beads, dried and re-suspended in Buffer A (97% water, 3% acetonitrile (ACN), 0.1% formic acid (FA)). Chromatography separation was performed using a 50 cm x 75 μm ID Easy spray analytical column (PepMap RSLC C18) installed on Ultimate 3000 RSLC nanosystem (Thermo Scientific). Peptide ions were then analyzed on a Q-Exactive HF (Thermo) operated in a data dependent mode. Raw data files were processed using the software MaxQuant under the following parameters: human protein sequences from Uniprot (http://www.uniprot.org, Swiss-prot Reviewed, 20,198 hits on 03/17/2016)); two missing cleavages were allowed; carbamidomethylation on cysteine was selected as fixed modification and oxidation of methionine and N-term acetylation as variable modification, match between runs applied. Proteins identified were analyzed within a large analysis including 276 IC-MS experiments performed under the same experimental conditions in order to exclude proteins representing common contaminants for the immunoprecipitation procedure (data not shown). Protein intensities were averaged before the z-score calculation, for experiments performed in duplicate. Also, in this case, proteins not obtained in duplicate were filtered out before analysis. For each protein identified, z-scores were calculated considering all the 276 experiments as a population. A protein was considered specifically captured by the antibody when associated to z-score higher than 3. Scatter plots representing z-scores (x-axes) and protein intensities (y-axes) were generated as representation of antibody specificity.
Epitope Mapping
Antibodies were epitope mapped on high-density peptide arrays (Roche NimbleGen) as previously described [13] . Each antibody was pooled with 11 other antibodies prior incubation at 1 μg antibody/ml with arrays containing 16-mer peptides with a 15-residue overlap. The peptides covered the sequences corresponding to the protein fragments used for the generation of HPA008060, HPA007575, HPA029104 and HPA029040 antibodies.
Western Blotting
For Western blot analysis, a serum pool from 20 patients with disease recurrence (9 female, 11 male, median age 61.5) and a pool from 16 patients with no recurrence of melanoma (9 female, 7 male, median age 58.5) were created. These pools of serum were thawed on ice, diluted 1:50 in LDS sample buffer, sample reducing agent (both from NuPAGE Invitrogen) and Milli-Q water. Samples were heated at 95°C for 5 min and loaded on a Bis-Tris 5-12% gel (Invitrogen) that was subjected to electrophoresis at 200 V (XCell SurLock mini-cell). Following transfer onto a PVDF-membrane and subsequent blocking (blocking reagent for ELISA with 0.1% Tween20, Roche) overnight, primary antibodies were incubated at 1 μg/ml for 24 hours at 4°C. Blots were developed using HRP-labeled anti-rabbit IgG (Dako) with a chemiluminescent substrate (Immun-Star Western C Kit, Biorad). Images were acquired with a Chemidoc scanner (Bio-Rad Laboratories) using ImageJ software.
Sandwich Assays
To measure S100A6 in the full set of melanoma samples, HPA008060 and a commercial S100A6 antibody (AF4584, R&D Systems) were used as capture reagents together with a monoclonal antibody (CPTC-Calcyclin-3) for detection. Capture reagents were coupled together with four additional anti-S100A6 antibodies (S- Table 2 ) to magnetic beads and pooled into one bead mixture as above, and efficient coupling was confirmed by both anti-rabbit R-PE and R-PE-labeled anti-mouse (Moss Inc.). One bare bead (empty bead) and normal rabbit IgG were also included in the bead mixture. The detection antibody CPTC-Calcyclin-3 was biotinylated in accordance with previously described protocols [14] . Serum samples were centrifuged (3000 rpm for 3 min), diluted 1:30 in assay buffer (10% normal rIgG in PVXC) and a pipetting robot (Selma, CyBio) was used to add 45 μl of diluted samples to 5 μl beads in two separate 96-well plates (Greiner). Following an overnight incubation, beads were washed 3× PBST on a liquid handler (EL406, Biotek) and 25 μl of labeled detection antibody was added at 0.5 μg/ml in assay buffer for 40 min. After 3x washing of beads, 0.5 μg/ml R-phycoerythring-labeled streptavidin (Invitrogen) in PBST was incubated for 20 min and beads were finally washed and measured in PBST (Lx200, Luminex Corp.).
Tissue Microarray, IHC and Slide Scanning
The generation and characteristics of the melanoma tissue microarray (TMA) cohort has been described elsewhere [15, 16] . In brief, 108 cases of primary malignant melanoma cases were collected as triplicate or duplicate 0.6 mm cores onto three TMA-blocks and used for further studies after review and approval by the Research Ethics Committee (Dnr 2005/232) at Uppsala University, Uppsala, Sweden. IHC and slide scanning were performed at the Swedish SciLifeLab facilities in accordance with protocols described elsewhere [17] . In brief, 4-μm TMA sections collected on SuperFrost Plus slides were deparaffinized in xylene, re-hydrated in graded alcohols, blocked for endogenous peroxidase, and subjected to heat-induced antigen retrieval using PT module buffer 1 (pH = 6, ThermoScientific) in a Decloaking Chamber (Biocare Medical) at 125°C for 4 minutes. Automated IHC was performed using a LabVision Autostainer 480S (Thermo Fisher Scientific, Runcorn, UK). Primary antibodies used were: S100A6 (HPA007575, Atlas Antibodies, Stockholm, Sweden 1:750) and MTHFD1L (HPA029040, Atlas Antibodies, Stockholm, Sweden 1:250). Antibodies were diluted in UltraAb Diluent (Thermo Fisher Scientific, Fremont, CA, USA). Primary antibodies were applied to the slides for 30 min at room temperature. The slides were subsequently washed and incubated with UltraVision LP kit for 30 min at room temperature (secondary reagent containing anti-rabbit/ anti-mouse antibodies conjugated to horseradish peroxidase-labeled polymers, #TL-125 HL, Thermo Fisher Scientific, Runcorn, UK). Following washing steps, the slides were developed for 5 min using 3,3-diaminobenzidine as the substrate (DAB Quanto, Thermo Fisher Scientific, Runcorn, UK). Slides were counterstained in Mayers hematoxylin (01820, Histolab) for 5 minutes using the Autostainer XL (Leica), and then rinsed in lithium carbonate water (diluted 1:5 from saturated solution) for 1 minute. The slides were dehydrated in graded ethanol and lastly coverlipped (PERTEX, Histolab) using an automated glass coverslipper (CV5030, Leica). The slides were scanned using the automated scanning system Aperio XT (Aperio Technologies).
Experimental Study Design
A screening was performed using 4595 antibodies and 32 serum samples from late-stage melanoma patients (N = 16) and non-diseased controls (N = 16) (S- Table 1 ). This analysis was performed alongside N500 other serum and plasma samples from patients with other types of cancer, neurodegenerative and cardiovascular diseases (data not shown). As a criterion to include antibodies for further analysis, at least two different antibodies raised against the same protein had to reveal a significant difference (P b .01) from Wilcoxon rank-sum test analysis. We also added antibodies based on manual annotations of profiles. This included antibodies that were significant for melanoma case-control comparison but not for any of the other types of cancers when comparing to the respective non-diseased controls (P b .01). To this list, targets were added based on literature surveys and from antibodies used for IHC analysis of tissues from these melanoma patients.
The selected targets were assembled for the generation of a targeted suspension bead array (SBA1). A second SBA (SBA2) was created later in order to expand our analysis and to assess the reproducibility of indicative profiles. SBA2 included multiple antibodies against proteins that showed indicative profiles in SBA1 assays. It also included antibodies against proteins with RNA expression ≥1 FPKM in melanoma tissue and at least 10 times higher RNA expression levels compared to 11 other tumor types (unpublished data), antibodies used for IHC analysis of tissue from these melanoma patients, as well as antibodies that were suggested by plasma Western blot assays.
All serum assays were designed by randomizing samples, replicates of a pooled sample and sample-free controls across microtiter plates. Repeated assays provided three experimental datasets (Assay 1, 2 and 3) that were 2 months and 2 years apart. Assays 1 and 2 use samples from one preparation, while a new sample preparation was made for Assay 3.
Data Analysis
Statistical analysis and visualization of data were performed in R [18] by using the median fluorescent intensities (MFI) for N50 events per bead identity to represent relative protein abundances. Outlying samples were identified and excluded from analysis via robust principal components analysis [19] . All statistical and technical evaluations were based on normalized data and the shown MFI values refer to these.
Normalization of the screening data was performed by probabilistic quotient normalization (PQN) [20] of log-transformed data, followed by MA-loess normalization to adjust for between-plate effects [21] . Data from the 149 samples was normalized by PQN and secondly by linear regression normalization of log-transformed data to adjust for age-and gender effects. The gender covariate was added to the intensity~age normalization only if it significantly (ANOVA p-valueb 0.05) contributed to the model. Coefficients of variation (CV) were calculated per bead ID to estimate the technical variation across sample replicates.
For comparative analysis, Wilcoxon signed-rank test was used for the two group comparisons recurrence (yes/no), metastasis under follow-up (yes/no), 5-year disease-free survival (yes/no), and gender (female/male). Linear regression models were computed for linear trends in signals over T-stage and age, using log-transformed data. Unsupervised hierarchical clustering was based on Pearson correlations for normalized data that were pre-processed by log-transformation, centering and unit variance scaling.
The immunohistochemically stained melanoma samples were annotated by evaluating all available cores per individual to generate an overall score comprised of an intensity level (1 = Negative, 2 = Weak or 3 = Distinct) and the fraction of stained tumor cells (0 = Negative, 1 = b25%, 2 = 25-75%, or 3 = N75%). The combined intensity and fraction scores for each individual were calculated by multiplying the intensity level (1-3, or) by fraction (1-3, or) and used for statistical analysis of S100A6 in relation to T-stage. All two-group comparisons between clinical variables and data from immunohistochemistry (IHC) stainings and RNAseq expression values were analyzed by Wilcoxon signed-rank tests, and the association from tissue IHC annotations in relation to T-stage by Kendal's rank correlations.
Results
We performed an antibody-based protein profiling of serum samples in context of malignant melanoma. Starting from results of a screening with 16 late-stage melanoma patients versus 16 non-diseased controls, we selected protein candidates to be subsequently assessed for association to melanoma in 149 patient sera. We then compared protein profiles between patients with different stages and outcomes of melanoma to identify protein signatures associated to melanoma in different stages of disease. Antibodies indicating significant associations were further investigated for their binding selectivity, followed by tissue profiling on matched sample material (Figure 1 ).
Antibody Screening and Target Selection
From the initial analysis of 32 serum samples with 4595 antibodies, a set of 31 antibodies passed the selection criterion of P b .01. This included paired antibodies against the proteins regucalcin (RGN, HPA029104; P = 1.1E-4, HPA029103; P = 1.3E-3) and The results of the antibody validation assays are summarized for candidate antibody profiles: Annotation is based on "supportive" and "uncertain", where the latter implies that one assay was conducted but required further optimization. The annotation "-"refers to that the antibody was not tested in this assay. Indicated by the asterisk (*), the IHC analysis for STX7 has been published elsewhere [16] . methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1-like (MTHFD1L, HPA029040; P = 3.3E-4, HPA029042; P = 7.5E-5). The two antibodies against RGN revealed decreased while anti-MTHFD1L binders showed elevated levels in melanoma patients compared to non-diseased controls (Figure 2 ). In addition to the above, 12 other targets were included for which only one single binder revealed a significant difference (P b .01). This resulted in a list of 43 antibodies targeting 26 unique proteins. To this list, we added 15 proteins (24 antibodies) proposed by literature [22] [23] [24] and 8 candidate proteins (8 antibodies) previously identified in matched tissue material from the same 149 patients as was analyzed within this study [15, 16, 25] , including Syntaxin 7 (STX7). Subsequently, 75 antibodies and 3 controls were combined in a suspension bead array (SBA1, 78-plex) that targeted 48 unique proteins. We also generated a second SBA (SBA2, 160-plex) that comprised 67 antibodies against targets selected from SBA1 data, 44 from RNA expression, 30 suggested by plasma Western blot assays, 16 by IHC analysis of melanoma patients (unpublished data), and 3 controls. Thus, SBA2 comprised 25 antibodies against proteins that showed indicative profiles in SBA1 data.
Assessment of Data and Comparative Analysis
Antibody bead arrays offer high throughput assays to study proteins in serum samples. We developed a study design to confirm the initial findings through the replication of analysis over time and with different antibody compositions of the bead arrays. We utilized SBA1 to initially analyze 149 serum samples from patients with malignant melanoma (Assay 1). SBA2 was then used to repeat the screening of the 149 samples, first by applying the same labeled samples as above (Assay 2) 2 months later and secondly by freeze-thawing and re-labeling the complete sample set another 2 years later (Assay 3), thus allowing for an assessment of the reproducibility of candidates. In all data sets, we observed that a proportion (20-26%) of the antibody profiles were associated to age (P b .05) and thus normalized the data on age prior statistical analysis. A set of 25 antibodies were included in both bead arrays and the median Spearman correlation coefficient for these 25 antibody profiles was rho = 0.64 (−0.11-0.95) and 0.60 (−0.39-0.95) for Assay 1-2 and 1-3 respectively. Among the 160 antibodies applied in Assay 2 and 3, the median correlation was 0.75 (0.22-0.98). As a reference, the distribution of correlation coefficients of random antibody pairs was found to be centered around zero, with median |rho| b 0.1 in all three repeated assays (S- Figure 1 ). The median technical variation (%CVs) considering all antibodies was b5% in replicated assays, while the median biological variation (%CV for all samples but the replicates) was 20-35%. This assessment deemed the quality of the data for further analysis.
The data from Assays 1, 2, and 3 was analyzed for associations to the clinical parameters T-stage, disease recurrence, metastasis (under follow-up), ulceration and disease-free survival. Ranking of the targets based on P values from Wilcoxon rank sum tests revealed three protein profiles (P b .05) that differed with T-stage (RGN, S100A6, STX7) and two with disease recurrence and metastasis (MTHFD1L and RGN) (Table 2, S- Figure 2 ). The technical performance of antibodies towards these targets is summarized in Table 3 . anti-RGN antibody HPA020104 showed linear and significant decrease over the four T-stages (Assay 1; lm P = .0002, Assay 2; lm P = .002). In case of S100A6, serum levels were significantly lower in T2 compared to patients with other T-stages (S- Figure 2 ). This was confirmed by a developed sandwich immunoassay that showed a correlation of rho = 0.88 to the SBA data (S- Figures 3 and 4) . The levels for RGN, MTHFD1L and STX7 differed in between individuals grouped into patients staged as T1 and T2 ("early stage") with no recurrence (N = 74) versus those patients staged as T3 and T4 ("late stage") with disease recurrence (N = 34) ( Figure  3A) . Unsupervised hierarchical clustering of the multivariate RGN, MTHFD1L, and STX7 profiles for these patients lead to an enrichment of the recurrent and non-recurrent patients within three main clusters ( Figure 3B ). In one cluster, 70% (21/34) of patients with recurrence were represented, while 72% (53/74) of non-recurrent patients were found in the other two clusters. Cluster analysis within the complete sample of set is presented in S- Figure 5 . No notable effects related to age, gender or sampling date were observed ( Table 2 , S- Figure 6 ). Associations to disease-free survival or ulceration were not reproducible.
Antibody Validation
In order to assure that the highlighted antibodies were binding the intended targets, a series of validation assessments were considered and performed (see Supplementary information for further details). An overview of the outcome of the antibody validation assays is given in Table 4 indicating that antibody performance is indeed application dependent [9] .
First, we checked the data from the replicated SBA assays and the performance of paired antibodies binders to the targets of interest. Candidate profiles were supportively reproducible between the three assays (median rho = 0.81, Table 3 ). They also demonstrated uniqueness by the low (rhob 0.1) pair-wise correlations between profiles (S- Figure 7) . For RGN, the indicative antibody (HPA029104) was directed towards the N-terminal part of RGN and a paired antibody (HPA029102) was included that was raised against the internal region of the protein. The latter binder confirmed the observations of HPA029104 in Assay 1 (P = .02, S- Figure 8 ), however not in Assay 2 or 3 (P N .05). Also for S100A6, two antibodies (HPA008060 and HPA007575) were both available that were raised against a 72-residue region of S100A6. These binders showed a high correlation with each other in different assays (Assay 1; rho = 0.91, Assay 2; rho = 0.92). No paired antibodies were supportive for the other targets primarily due to signal intensities in the background range. For the two anti-MTHFD1L binders, HPA029040 and HPA029042 that were both found during the initial screening (Figure 2 ), HPA029042 did not reveal a consistence association to disease in Assays 1, 2 and 3. Secondly, we applied high-density peptide arrays to describe and narrow down the region of antigen binding of antibodies into distinct epitopes, and investigated if these were homologous to sequences of known high abundant serum proteins. The reactivity from anti-MTHFD1L, anti-S100A6 and anti-RGN antibodies is presented in S- Figure 9 . A homology search (BLASTp) of all identified epitope regions returned only the targeted proteins MTHFD1L (E-values of 1e-6, 2e-9 and 8e-25), S100A6 (HPA008060; E = 8e-4 and E = 3e-13, HPA007575; E = 0.05) and RGN (E = 0.02) with 100% protein sequence identity at 100% query coverage. The highest scoring alignments to sequences that represent other proteins than the intended targets are presented in S- Table 3 . No sequence homology was found to other known serum proteins that could indicate off-target binding.
Next, we performed immunocapture followed by mass spectrometry (IC-MS) in an un-depleted pool of serum (RGN, S100A6) or plasma (STX7, MTHFD1L) from healthy donors. As shown in S- Figure 10 , anti-RGN and anti-STX7 specifically captured the cognate target proteins and with enrichment of z-scores 16.6 and 11.5
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respectively (S- Table 4 , Supplementary data). Anti-S100A6 showed a less pronounced level of enrichment (z-score 2.4). The anti-MTHFD1L binder HPA029040 generated no matching spectra for any expected target peptide (Supplementary data). Furthermore, we performed Western blot analysis using the anti-MTHFD1L and anti-RGN antibody on sera from melanoma patients. In contrast to the data obtained from IC-MS analysis, the tested RGN antibody did not provide any bands with these sera. However, for anti-MTHFD1, one band close to the molecular weight of transcript variant 8 of MTHFD1L (36.3 kDa) was detected that showed stronger intensity in the pool from patients with disease recurrence (S- Figure 11 ). Western blot analysis with the other anti-MTHFD1L binder (HPA029042) indicated binding to a protein of different molecular weight.
In summary, we performed a series of antibody validation assays that indicate the challenge of finding a suitable approach for confirming the screening data. However, we found supportive evidence for protein detection of RGN and STX7 using IC-MS, MTHFD1L using Western blot, as well as paired antibodies and sandwich assays for S100A6.
Tissue Profiling
Lastly, we performed immunohistochemistry (IHC) with MTHFD1L (HPA029040) and S100A6 (HPA007575) to stain tissue microarrays built from a subset of 108 individuals among the 149 that had been screened on antibody bead arrays. Figure 4 shows representative images for the observed staining patterns for each of the two proteins. For both for MTHFD1L and S100A6, only 3 patients (2.8%) showed a negative staining (S- Figure 12 ). The staining intensity of MTHFD1L showed a trend of lower intensity in patients with recurrence (Wilcoxon's P = .065) and lower T-stage (Kendal's tau = 0.069), although there was no association between these two clinical parameters and the fraction of positive cells. In contrast, for S100A6, the fraction of positive cells showed a significant association to T-stage (Kendal's tau = −0.25, P = .008), with a higher fraction of positive cells for the lower T-stages. Also, by combining the S100A6 staining intensity and fraction of positive cells into a continuous score, there was a negative association between score and T-stage (Kendal's tau = −0.20, P = .023). The majority (82%, N = 89) of individuals with positive S100A6 expression showed a distinct staining pattern and of these, most samples (78%, N = 69) revealed N75% positive cells. In this group of 69 patients, the difference in the distribution of patients across T-stages were as follows: T1; 22 patients, T2; 17 patients; T3; 14 patients; T4; 9 patients (S- Figure 13 ). We did not observe any significant association between tissue staining patterns and serum profiles for S100A6 and MTHFD1L.
Discussion
An affinity-based approach was used to screen for proteins associated to melanoma in serum samples. A screening of more than 4500 antibodies on 32 serum samples from melanoma patients and controls lead to build a targeted bead array for the analysis of 149 serum samples. In this study, we identified associations for the proteins RGN, MTHFD1L, and STX7 with melanoma recurrence and tumor size (T1-T2 vs. T3-T4). We also identified S100A6 to be differentially abundant in T2 compared to other T-stages in the analyzed serum sample set. Following antibody validation by ultra-dense peptide arrays, immunocapture mass spectrometry, Western blot and sandwich immunoassays to validate the selectivity of the antibodies, we applied the identified antibodies to immunohistochemistry analysis of skin tissue.
This study was initiated by using an unbiased discovery approach to screen serum samples for indicative antibodies. The set of binders was used without any prior knowledge about the relation of their target proteins with disease nor if the antibodies would be able to detect respective targets in the chosen assay system and sample type. In other words, the assay was not designed for known markers of disease and consequently such candidates might have been missed in our analysis (false negatives). For this first screening, we used a set of 32 samples (16 with malignant melanoma diagnosis and 16 controls). At the time of study, 4595 antibodies were available and included due to a concentration suitable for immobilization onto beads (N0.05 mg/ml). This study was performed in parallel to previously presented investigations for multiple sclerosis [21] and osteoporosis [26, 27] . The melanoma-associated profiles have not been highlighted as main candidates in any of the other studies. Further investigations in Figure 4 . Immunohistochemistry analysis of S100A6 and MTHFD1L in melanoma. Representative images of S100A6 (top row) and MTHFD1L (bottom row) show the various appearances of immunohistochemical expression patterns in consecutive sections from six different tumors. Staining intensity were scored as negative, weak or distinct and fraction of stained tumor cells was scored as negative, N25%, 25-75% or N75%. Scale bar is 100 μm and valid for all images.
149 serum samples then revealed four candidates with discriminative power between T-stage or recurrence of melanoma patients in this sample set. Two of the four highlighted antibodies, namely RGN (Regucalcin), and MTHFD1L (methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1-like methylenetetrahydrofolate dehydrogenase (NADP+ dependent) 1) were proposed by our screening efforts. In addition, antibodies to proteins previously studied in the context of melanoma, namely STX7 (Syntaxin 7) and S100A6 (S100 calcium binding protein A6) were included and highlighted. The negative correlation between STX7 expression and T-stage within this set of tissue samples has previously been described [16] . The trends observed for STX7 in serum were in agreement with these observations.
In the presented study, we observed no correlation between S100A6 serum levels and expression in tissue and immunohistochemistry data showed that lower T-stages were associated with a higher fraction of positive cells. Although data on S100A6 protein expression in cutaneous melanoma tissue is limited, S100A6 has been demonstrated to be expressed in a variety of mesenchymal tumors that arise in the skin [28, 29] . Ribe et al. suggested S100A6 as a potential marker for distinguishing melanoma from the benign melanocytic lesion Spitz nevi [30] . The authors showed that S100A6 was expressed in significantly fewer melanomas than Spitz nevi cases, and that there was a lack of protein expression in normal intraepidermal melanocytes. In another study, Böni et al. demonstrated IHC expression of S100A6 in all examined 39 primary cutaneous melanomas. The study showed that metastases were associated with a weaker S100A6 staining, but only for patients with Breslow thickness b0.75 mm [31] .
One novel candidate associated with melanoma was RGN, also known as senescence marker protein 30 (SMP30) and mainly expressed by adrenal glands, liver, kidney and cerebellum. This protein is Ca 2+ binding and functions to maintain intracellular Ca 2+ homeostasis [32, 33] . Several studies have also suggested that it plays an essential role in the development of carcinogenesis in several tissues and cell types, by its multifunctional and potentially regulatory role on e.g. signal transduction, cell proliferation and apoptosis [34, 35] . In a very recent study, increased mRNA expression levels of RGN were associated to a prolonged relapse-free survival when analyzed in 87 breast cancer patients, which also contributed to the conclusion that RGN may exhibit anticancer properties in human breast cancer [36] . As later discussed for mRNA, our study showed low protein levels of RGN in skin tissue (of melanoma patients and non-disease individuals), which points towards RGN being a potential cancer-related systemic marker and not necessarily specific for malignant melanoma [37] .
The other protein was MTHFD1L, a mitochondrial enzyme involved in the synthesis of tetrahydrofolate (THF) in the mitochondrion. Up-regulation of this protein has been suggested to participate in colorectal cancer progression [38] and, being a target of a potential microRNA tumor suppressor, expression of MTHFD1L and other mitochondrial enzymes has been related with tumor maintenance [39, 40] . Interestingly, metabolic reprogrammingone of the hallmarks of cancerhas been proposed to lead to higher expression of mitochondrial folate enzymes such as MTHFD1L. Jain et al. analyzed microarray gene expression data on 60 primary human cancer cell lines and showed that MTHFD1L and other mitochondrial glycine biosynthesis enzymes were expressed at higher levels in rapidly proliferating cell lines [41] . In the same study, MTHFD1L and two additional glycine synthesis enzymes were also shown to be associated with greater mortality in 1300 patients with early stage breast cancer.
In addition to the antibody centric data, we related the mRNA expression levels of the selected candidates by using data available from Cancer Genome Atlas [42] . In a set of 103 tumors from patients with cutaneous melanoma (SKCM), three of the candidate proteins (STX7, MTHFD1L, S100A6) showed medium to high mRNA expression in tumor tissue (median FPKM values; 9.0, 11.7, 930 for STX7, MTHFD1L and S100A6 respectively), whereas RGN expression was negligible (median FPKM = 0.05; S- Figure 14 ). In this SKCM cohort, data on disease recurrence was missing and samples were mainly classified as T-stage 2 (N = 66) or T-stage 3 (N = 27). The mRNA expression levels of RGN and STX7 were in general lower in the later T-stages (T3 vs. T2: P = .059 and P = .054 respectively, S- Figure 15 ). We found no association (P N .3) between mRNA expression and age or gender for any of the four candidates.
Besides the availability of binders for the whole proteome, one of the major challenges of affinity based assays is the need for validation [43] . Very recently, guidelines were proposed to use different approaches for confirming that the observed data reports abundance from the intended target of interest [44] . Compared to many other studies found in the literature, we here used a series of assessments to increase the certainty of on-target binding. By including data from epitope mapping, immune-capture mass spectrometry, Western blot and sandwich assays, we aimed to provide detailed information about the antibodies used in the screening. A remaining hurdle for such efforts is that antibodies perform differently well in the different assays. In addition, each type of assay provides unique performance characteristics in terms of analytical sensitivity and selectivity. Each assay indeed has its own requirements when it comes to the preparation, consumption and throughput of samples, as well as antibody consumption and formulation. For example, the anti-MTHFD1L binder HPA029040 revealed supportive data from Western blot analysis while no peptides were identified by mass spectrometry. Similarly, although we were not able to verify antibody specificity for anti-S100A6 using a single IC-MS experiment, an in-house developed sandwich immunoassay verified the selectivity of this antibody when applied for bead-based serum assays. Unfortunately, the study of body fluids presently does not enable overexpression or knock-down of the target protein of interest, thus relies on sensitive methods for the analysis. Even though tremendous advances have been made in the field of mass spectrometry [45] , remaining challenges are related to sensitivity, speed and sample consumption of serum analysis [46] .
Our study has also some weaknesses and we acknowledge the lack of replication in additional and independent sample sets. This would be needed to confirm that the found associations are truly linked to the disease and not only to the phenotypes of the sample set used here. In this context, other diseases should be evaluated, such as we did during the initial screening efforts. This would allow further assessing the disease specificity and weather changes in protein expression of the melanoma tissue causes altered serum levels. Secondly, the preferred outcome of the discovery effort would include a sandwich assay for the targets, as demonstrated for S100A6. Such assays would offer an attractive endpoint to integrate and translate our findings into further studies. To achieve this, however, new antibodies may have to be generated and tested for their functionality focusing on sandwich assays with serum or plasma samples.
In conclusion, we used antibody based assays for serum analysis of melanoma and found two novel as well as two previously known proteins in the context of the disease. Further and independent studies are though needed to confirm our observations and to provide an extended understanding about the proteins, such as in relation to the pathophysiology, disease progression and disease specificity. The antibodies highlighted though our screening effort may have the potential to contribute to a better understanding of melanoma and could be shortlisted as candidate targets for the development of diagnostic assays for serum samples.
